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1. INTRODUCTION

The purpose of this report is to analyze and control the pattern
of an annular slot antenna. This antenna is intended to have a null
in a horizontal plane over some frequency range. The pattern is,
therefore, desired to be a cardioid-type. To realize the cardioid-
type pattern, this antenna has multiple-driving points, concentric
dual loops or some combination of these. A slot antenna may he analyzed
as a magnetic current. In this report, for simplicity, the slot antenna
is replaced by a thin wire loop antenna (its compliment) and the analysis
is made by using electrical current. For the purpose of the present
study this assumption is adequate.

In Sections 2.1 and 2.2 we give a short review of a single wire
loop antenna as given by R.W.P. King.[1] The multiple-driven loop antenna
is analyzed in Section 2.3. The cardioid condition is next considered
in a general way in Section 3. The following sections are devoted
to the cardioid condition analysis for various special configuration
of antennas when feeding conditions are perturbed. In the last two
sections we consider antennas having nulls in three directions

2. RADIATION FROM A LOOP

2.1 Current in a Loop

The configuration of the loop and the coordinate system is shown
in Figure 2-1. The center of the loop coincides with the origin of
a cvlindrical coordinate system and the loop is placed in plane 7=0
(horizontal plane). The radius a of the wire is assumed to be small
compared with the radius b of the loop and also small with the wave
length. That is,

ac<<b (2-1)

e iy Ci i i

pry=—r ,




i g T Y T S Ty £

B e

Figure 2-1,

{
) |
¢l g

$=0
R

DELTA~FUNCTION .

GENERATOR "
Vo 3L @)

I
[
[
General circular loop antenna and coordinate systems. ﬂ
|
I




1 [ c—

e e

O o &=

J

L

o = e

ga << 1 (2-2)

where g=2w/) is the propagation constant in free space.

The delta function generator V06(¢) is placed at ¢=0. The total current
in the conductor at ¢' is I(¢'), and the direction of this element

is ds'=bde'. The integral equation for I(¢') is obtained from the
houndary condition at the surface of the loop, i.e., the tangential
component of the electric field is zero at the surface of the con-
ducting wire. Since

E = - 9V-juh, (2-3)
13V
Eg = = Vos(8)/b = - =50 - Juh | p - (2-4)

The scalor and vector potentials at the element ds=bd¢ on the surface
of the wire at ¢ are given by[1]:

Ve oge [ae) wee e | (2-5)
v
Ay L T(o' )w(o-')cos(4-¢")d¢’ (2-6)

where the kernel is

b [T oender
wie-4) = 3= L — dy (2-7)
with
e st [(s-0')/2] + 8a’sin®(v/2) (2-8)

The continuity equation for the current and charge in the loop is

SL) - o juqrer) (2-9)
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From Equations (2-5) and (2-9)

L

2
j_v_ - 3 I (! <! ] -10)
@ " Fegeb o7 ) 10 Jw(e-9*)de (2-10)

From Equations (2-10), (2-6) and (2-4), the following integral equation
is ohtained '

ij ' ' '
o) = 22 [ kte-e)1te e (2-11)
where the kernel is
k(¢-¢*) =[§bcos(¢-¢') +] i w(é-4') (2-12)
B 32
and
Zo = w/B = Vuleo . (2-13)

A solution of the integral equation (2-11) may be sought with the
aid of the Fourier expansion of the kernel and of the current. The
dimensionless quality w(¢-4') is expanded as

w(é-4') = 1 k. o-Im(e-¢') (2-14)
where
Kk =i r w(e-0')ed™(-¢") qq1 oy (2-15)
m 2w " ~m

Equations (2-14) and (2-15) are substituted into Equation (2-12)

K(¢-4') = G)fa a, e-In(¢-4) (2-16)

where

;

- .
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2 Bb n oo,
oy =7 (kpyy + kny) - 85 Kp™n
Now the integral equation is reduced to

JZ = L - —al!
voc(Q) = Tﬂ—q Z an J e jn(¢ ¢ )I(Q')d‘.

4 4

The current I(¢') is also expanded in a Fourier series

16°) = ] 1,e79™

where

1 =%,,—J 1(s")eI™’ b

n -

A comparison of Equations (2-18) and (2-20) shows that

jz. =
vs(#) = 52 §.,°n 1, emIm (2-21)

This is a Fourier series with the coefficient (jZo/Z) “nln' The coef-
ficients are given by

" v
j 2—° a, I, = %,,-[ voc(q»)ej"’ d¢ = 5‘,2 (2-22)

-

v,
] = -
n l7a

on

so that

@ jv o
- -jme o1 cos né
I“) -Llne ‘“2’;‘*‘(&:"2% an )




The coefficient a, can be calculated by Equation (2-17) with the fol- , !
lowing equations and its results are shown in Figure 2-2.

] ] 28b 28b
k0 = ] Io Oo(x)dx + ] Io Jo(x)dx

12

(2-25)

2gb
K nkn = l" [KO(BQE)IO(EP.) * Cn] ) % Io [“2n(-x)*‘”2n(x) d"]

(2-26)

where
Iolgg) is the modified Bessel function of the first kind
Ko(!b-'-‘-) is the modified Bessel function of the second kind
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n-1

]
c = Indn+v-2 ] s
n m=0 am+]
Y is 0.57721 (Eulers number)

Jn(x) is the Bessel function of first kind of order n

ﬂn(x) is the Lommel-Weber function of order n

2.2 Radiation From the Loop

The coordinate system and the loop are shown in Figure 2-3.
The center of the loop coincides with the origin of the coordinate
system. Current distribution is given by Equation (2-24)
Iy T Gdne

e = -2 I & (2-27)
0 -= n

P(x,y,2)

Figure 2-3. Loop antenna and coordinate system for
radiation calculation.
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Vector potential dA at the point P(x,y,z) or (r,0,4) due to the current
in the element bd¢' is '

_ o~y goIBR

dh = ¢ T T I(¢')bde’ (2-28)
where

R = /7242

/Qr cose)2 + o%b2-20bcos(o-¢ ')

14

r-bsimdcos(¢-¢') (2-29)

For the far field we have

b<<rp (2'30)

and the x and y components of the vector potential at point P are
then obtained from the following integrals

n
Ax = -I sine' dA

'JBY‘ 2n [
- _bue [ I(s') edPbSinecos(e-¢ ) sine'de* (2-31)

4n
" o

2n
A= [ cos¢' dA
Y o

bu e-JBr o jBbsindcos(¢-4")
= ]i"'TT'I I(¢') e cosé'dé’ (2-32)
0

Equation (2-27) 1s inserted into Equations (2-31) and (2-32), and sin¢
and cos¢ are expressed in exponential form. The nth component of Ax
and Ay are expressed as follows




Q, ¢
A 2 (-ky+ky) e
U
o (k;6,) (2-34)
where
. _=JBr
-jbye Yo
n~ 4;5;2 a o |
o%n {j
2 ' - |
(= Feltmne Heosla')gy (2-%) ¥
o .
2 . ' ' |
k, = f" J(n-1)¢" JBcos(4-4")g, (2-27) -
! :
B = Bb sing " (2-38) |

k] and k2 are very similar to the Sommerfeld representation of Bessel
function

-n 2
J.(8) = %—" !}”““ ™ 4 (2-39)

PR
[ S—

Inspection of Equations (2-36) through (2-39) shows that k; and kz

can be expressed as ]
ky = 2g™ MO (g) (2-40)
| |
|
ky = 224" ed(n-1)ey (8) | (2-41) |

i
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The spherical components of the vector potential due to the current
component In(¢) are

Agn = (AxncosMAynsinO)'cos6 (2-42)

Agn = (<A, Sine + Ayn cosé) (2-43)

The resultant vector potential is the sum of each component:

Ry = ) Aen

. i."n eI"(#+/2) 8§ (B)cose (2-84)
A, = gﬂ Aen

<ol q, e"(**"/2) 31 (8) (2-45)

Substituting Equations (2-3) and (2-38) into Equations (2-44) and
(2-65) yields

® n ej"(¢*“/2) J"(Bbsine)cose

R = Q¥ b L —— 5 (2-46)
w dn(e+n/2)
Ay = 3V, b §, — J; (Bbsine) : (2-47)
where
-j6ér :
Jve (2-48)

Q= '"ZWZ;f‘“

n




Alternately

‘i J (BbsinG)
=QV b ] n W coso

X

[ejn(ﬁw/Z) - (_])n e-jﬂ(“‘""/Z)] (2-29)

J: (Bbsine)
Ay = 90 Vg b S

. '2' J‘(Bbsiﬂ*‘)[Jn(M/z) o (-1)eIn(HT /2)]} (2-50)

For loops of moderate size, #<2.5, the principal contribution to
the current are from the first three terms in the series. The vector

potentials are

| ZJI(absino)cosesim j4Jz(Bbsin0)cosesin2¢
1 Ag =QVb | O- ay #bsnG - o, BbsTne (2-51)

+

A¢= jovob [J",(Bbsine) JZJi(BbsinO)cost i ZJé(BbsinO)cosu] (2-52)

% * o ®2

S

 O——' [ ' -

p————t S
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The electromagnetic field is given by

= ijx(;xK) = - jw(§A9+$A°) 12-53) |
B = - JBreR = - JB($A,-0A,) (2-54)
i
Therefore i
oy b [ZJ](Bbsino)cosesino 1 4J2(sbsine)cosos1n2¢ (2-55) '
E, = juwQv - -
o 0 °f§5$i"e azsbsine

J'(Bbsin®) ZJi(Bbsine)cos¢ 2Jé(sbsine)eos?¢
0 - (2-56)

E, = wQV Db +J
¢ 0 [ ao ul 52

2.3 Multiply-driven Loop

The current and vector potentials in the loop which is driven
by the generator Va at ¢=0 are obtained from Equations (2-24), (2-46)
and (2-47), respectively:

Jjv. = ejn¢
1,(9) = - ﬂi I & (2-57)

i

= ned™#/2) 5 (gbsing)cose
Ao, = QV,b [

-- (2-58)

a Absind




o In(¢4%/2) J;.(Bbsi..o)

A= davbl T

(2-59)

If generator position is changed from ¢=0 to "’b' and voltage from

va to vb. the current and vector potentials are given by

Jn(e-¢.)

v, = b
() = - ﬂ% E.—E-T— (2-60)

® n eJ"("ﬂB*'lz)Jn(ﬂbs1n°)cos0
Ao = o L & PosTne (2-61)
n( 4-4y+%/2)
® e Ja(ﬂbsinﬁ)

Aw = J0V b EG y (2-62)

If the loop is driven by two generators shown in Figure 2-4, the
current in the loop is expressed as the sum of Ia(’) and Ib(O).

1(4) = 1,(e) + 1,(0)

Jn( "’b)

® Jne v '
o ;%; g. e“h - ;%; g- ) %n (263

The vector potentials are also the sum of each vector potentials.

Ao = Aoy * Agp

* nJ (gbsine)cose Jn(e-¢ +v/2)
1 :naabsina [Ya N2 4 e ® ]

(2-64)

r——

AR e s . AempS———— L, 3 7




T = .

-

@ J'(Bbsine) . Jn(e-¢ +7/2)

(2-65)

As a special case, the loop is assumed to have two generators at
¢=0 and ¢=v, and the voltages \Ia and Vpe are as shown in Figure 2-
5. Substituting Qbﬂ in Equations (2-64) and (2-65), the following
equations are obtained:

* nJ_(Bbsind)cos®
A, =Qb ] nt(xnisfno [va eIn(#+7/2) vy ejn(‘-w/g)]

(2-66)

A¢=j®_z- a

= J;(ebsine) ["a I(#7/2) |y oinl *"/Zﬂ (2-67)
© n

If n is limited to 0 and 1, the electromagnetic field is expressed
as follows:

J 2w QbJ](BbsinG)cose cos ¢

Ey = o, BbsTng (Va-¥p) (2-68)
Ey = wQb J(',(Bbsinﬁ)(vawb)
a
0
32 QbI;}(Bbsin®)(V, -V, Vcose
+ s e e e (?-69)
1
15




Figure 2-4. General multiple-driven loop antenna.

Figure 2-5. Loop antenna driven at two points.
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3. CONDITION FOR CARDIOID PATTERN

Both in the singly driven (2-24) or multiple driven (2-62) loop,
the current in the loop is expressed as follows

1) = J (c ™)

=C,+ ngl 2C, cosné (3-1)
vhere cn=C_" is a complex constant which is determined by many factors
such as frequency, physical size of the loop, configuration of drive
(one point, two points or four points) or voltage applied to each
terminal. Consequently the electric field is unitarily expressed as

m
n

SE Jne
EGF" e

Eo +“£12Encosn¢ (3-2)

This means that the resultant electromagnetic field is the sum of

each mode of field components. Now let us consider the electric field
in the plane of 6=90° and mode is limited to n=0 and n=1. From
Equations (2-55) and (2-56)

E, =0 (3-3)

)
Ey =B * E01 cosé (3-4)
where
. @b 3 (8p)
B = 220 | (3-5)
)
17




JZvaoin(eb)
Eol = 5 (3-6)
Equation (3-4) is reduced to
E’ = E‘o(l+cos0) . (3-8)

This is the cardioid pattern shown in Figure 3-1 which has a null

at ¢=180°. The cardioid pattern is produced when the peak magnitudes

of the n=0 mode (nondirectional pattern in Figure 3-1) and the n=1 mode
(Figure eight pattern also in Figure 3-1) are equal. To obtain the
cardioid pattern we must control Ego and E.] to satisfy (3-7).

The coefficients E¢o and Eﬂ are functions of frequency, size of the
loop, mode of driving (one point, two points, or four points) or voltage
applied to each driving point. These are the parameters to obtain

the cardioid pattern. How to select these items are discussed in

the following sections. However, it is better to predict how the pattern
will change when the cardioid condition is shifted from its optimum
value. To this end we rewrite Equation (3-4) as follows:

£y = £ [1+(a+sb)coss) (3-9)

where a and b are real numbers. The power pattern is expressed as

2 2
2 2 2 a b
E,=E ath)“(cos¢t -—) + 5—y (3-10)
¢ "¢ [} ) a“+b a+h ]
2

If conversions between E, and y and between cos¢ and x are made,
Equation (3-10) represents a parabolic curve. From this parabolic
curve and circle of unit radius, polar plot of Equation (3-10) can

be obtained.
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In Figure 3-2 we have plotted the parabolic curve. Draw the
¢=0] line from the center of the circle. At the intersection point
with the circle a straight line is drawn up to the parabolic curve.
The intersection point with the x axis is oS¢y, Next, mark the value
E] on the line in circle and the polar plot is obtained.

f y=Ed?

bt ||
o i 0 O

"""" -0 __9_ 0 cos=¢ 1.0 x=cos
, ot L
Lo -
i ! ' L
| I ' 1 !

|
| v !
' ¢!
| !
| |
¢

Figure 3-2. How to make a polar plot.
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Consider the case shown in Figure 3-2. E¢2 1s maximum at ¢=0.

As ¢ increases, E 2 decreases monotonically. At ¢=cos'101£11ﬁ g2
¢ g2 ’ | a4 ¢
yields the minimum —2:;2-. And again E¢ increases to the peak at
a
¢=180°. The pattern is symmetrical with respect to the ¢=0 and 180°

axis. According to the position of the parabolic curve minimum, the

pattern is classified into three types. These are shown in Figure 3-3.

Type 1 (Figure 3-3(a)) is already stated in Figure 3-2, which has two
minimum located symmetrically.

Ez
(A (m) ¢ (1) ?
cos /[
| i ¢

-0 ¢ O 1.0 o9 . 0 1.0 __a -0 o 1.0
:_a!;rb2 ! a+b? : a%eb? | :
: ! ] | | 1
' ! I | i |
(a) TWO NULLS (b) YTRUE CARDIOID (c) ONE NuULL

Figure 3-3. Three types of loop antenna pattern
in horizontal plane.

This occurs when -1 < - 2a 5 5 0 (0>a), or 0 < - —53-§< 1 (a<0).

a“+b a#
The region which satisfies this relationship is outside the two

circles (a + %)2 + bz = (%)2 in Figure 3-4. Type Il (Figure 3-3(b))
2
. . . b
is a special case in which cos¢ = - q—§= + 1 and == = 0 that
;E;b a%4b

isa=+1and b =0. This is the case when the pattern shows the
true cardioid 1 + cos¢ .

. :

e —
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REGION I PRODUCES TWO NULLS
REGION I PRODUCES TRUE CARDIOID
REGION I PRODUCES ONE NULL

Figure 3-4. Region which produces three different patterns
in E=1+(a+jb)cos.

Type 111 (Figure 3-3(c)) occurs when - -29-? < =1 (as0) or
a“+b
a (a<0). In this case maximum is at ¢=0 (a>0) or ¢=180°

1< -
a2+b2

(a<0) and minimum is at ¢=180° (2>0) or 0% (2<0). This pattern resembles
Type II except the null is not as deep. The region of a and b is
within the circle in Figure 3-4.

4. SINGLE LOOP DRIVEN AT SINGLE POINT

The configuration of this antenna is the same as shown in Figure
2-1. The electric field in the horizontal plane is obtained by sub-
stituting 8=1/2 into Equations (2-55) and (2-56). If the number of
modes is limited to n=0 and n=1. we obtain:

E, =0 (a-1)

(4-2)

35 (8b) 2J;(8b) ]

€, =wQV b -+ j ————- cos?
¢ o[ao 01




3 3

-
l
!
I

e——

J&(Bb) ZJile)
—;;-— =J » ~ (4-3)

then the cardioid condition (Equation (3-7)) is satisfied. Equation
{4-2) is reduced to the type of Equation (3-8). % and % is a function
of frequency, the wire radius a and the loop radius b as defined by
Equation ( 2-17).

If a and b are chosen to satisfy Equation (4-3) at a certain
frequency, the cardioid pattern is realized. This type of antenna
is very simple and desirable. However, only a narrow frequency band
satisfies Equation (4-3). Therefore, further investigation of this
antenna was not pursued.

5. SINGLE LOOP DRIVEN AT TWO POINTS

5.1 Antenna patterns

The configuration of this type of antenna is shown in Figure
5-1. Two-point-drive means that the pattern is not only restricted
by the physical size of the loop, but also controlled by the relative
voltage applied to the driving points. The electric field in the
horizontal plane is obtained from Equations (2-68) and (2-69):

Va
<
FEEDING |
NETWORK
TRANSMITTER
OR
- RECEIVER
Y

Figure 5-1. Loop antenna fed at two points.
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E =0 (5-1)

JL(Bb)(V +V,)  23%(Bb)(V,-V,)
E, = Qob [-9-—“---"-—9- s g 2D cose| . (5-2)
o 1

The cardioid condition of a null at ¢=180° 1s according to Equation
(3'7)9

J&(Bb) v . 2Ji(8b)
s (V) = 3 = (V%) (5-3)

Under this condition, Equation (5-2) is reduced to
Qub 3 (Bb) (V,+V,) [
a

Eo(7/2,9) = 1+cost] . (5-4)

In order to satisfy Equation (5-3) one might select both the physical

size (a and h) and the voltages (Va and Vb). However once the physical

size is determined, Va and Vb must satisfy the following relationship
as obtained from Equation (5-3):

2 Eg.giifgl -
v [
o T T e
Vs A ) R (5-5)
J2 g +1
1 33(#b) ,

Substituting condition (5-5) into Equations (2-66) and (2-67) yields

V., J,(8bsin8)cos®
Eg(o.0) = 3 E v,00 - ) L cos (5-6)
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= = o

[ S

meJé(Bbsinﬁ) Vb 0 Ji(BbsinO)
E08) = ——7 —— V(0 +y) N+ 325 Jrmpsmey
5
v
X -——-vﬁ- cos{] (5-7)
]""v-a'

The patterns in the vertical planes ¢=0 and 90° are shown in Figures
5-2 and 5-3, respectively. Note that as b increases, énergy is radiated j
more in the vertical direction, and the undesired null is produced :
as shown in Figure 5-2(b). The pattern of the horizontal plane remains

unchanged when gb is changed as seen by inspection of Equation(5-4).

If the null direction is desired to be different from ¢=r , i1ts condition

is obtained by substituting E(w/2,¢b)=0 where 00 is the desired di-

rection of the null. That is

33 (gb) 2 33(8b)(V,-V)

- (Va+vb) -3 o cosoo=0 (5-8)

or 2a Jj(8b)
v j—uT :T'_(_B-E)- CO$¢O']

0
] Zao Ji(ﬁB)
J ‘E; J6 5 cos¢°+l

b
va

The pattern in the horizontal plane is

QubJy( 8) (V,+¥,)

1
E¢(ﬂ/29¢) = uo [] - EB-ST; COS’]

An example of this pattern is shown in Figure 5-4.
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Figure 5-2. Vertical pattern at ¢0°,
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Figure 5-4. Horizontal pattern, null at 30°.
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5.2 Cardioid condition

The cardioid condition is calculated using Equation (5-5).
It is shown in Figure 5-5. In this diagram, 2 = 2%n 2nb/a. As 8b
increases, locus of the cardioid condition changes considerably.
This is another reason that a large loop is not favorable for this
antenna.

5.3 Pattern change

The change in the horizontal pattern will now be observed as
the feeding condition is shifted from the cardioid condition. Assume
that amplitude becomes A times as much as before, and the the phase
differs by 8 radian. That is, the feeding voltage ratio is

VY, = V| A eI ; (5-11)
0

Substituting Equation (5-11), Equation (5-7) yields;

v
- b a0
20 33(8b) 1 v, e
EO(W/2,¢) v+ J —QI-J—.(EB)— —-vb——-—-?i-g cos . (5"]2)
o 1+2A€

Ya

Figure 5-6a to Figure 5-6¢c show the case where 6§ is changed from
-20° to +20° by 10° intervals with an A of 1.122(1d8), 1.0(0d8) and
0-89](-](’8).

Thus, we may conclude that this type of antenna is somewhat
frequency sensitive.
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Figure 5-5. Cardioid condition.




SO OO /. ¢ Do Lo




vE A‘PLITUDE (dB)
N 1
3 || 3

RELAT
&
(@)

0

%
o
[

Figure 5-6(b).
Amplitude

P

0

Pattern change.
change: O.

32




33

ure 5-6(c). Pattern change.

Amplitude change: -1 dB.

s L (LY {1
] O/ MWB/:M~%§:S§... \ (

) //\
-

//.Q
i




6. TWO LOOPS FED AT TWO POINTS

6.1 Antenna pattern

This antenna consists of two concentric loops placed {n the same
plane (see Figure 6-1). A large outer loop operates the n=1 mode only,
while a small inner loop operates the n=0 mode only. When the loop
is driven by two generators as shown in Figure 2-5, the electric field
in the horizontal plane is expressed by Equation (2-69) as

£, (3/2,0) = 22 3,(60) (V%)

+ S EER aj(en) (9] cony (6-1)

180° HYBRID |—¢—
HYBRID |-

Figure 6-1. Two-loop antenna for cardioid pattern.

If Va=-vb, that is, equa) in amplitude and 180° out of phase, the

n=0 mode is eliminated and only the n=1 mode remains.  If va=vb, that
is, equal in amplitude and phase, only the n=0 mode remains. Thus,
n=1 in the outer loop and n=0 in the inner loop is possible. However,
if the diameter of the loop is small, the n=0 mode is dominant. It

i Tk
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is not necessary for the inner loop to be driven by two in-phase
generators. Figure 6-1 shows a possible configuration of this type
of antenna. The electromagnetic field is the sum of the radiation
by the inner and outer loops. The electric field in the horizontal
plane is expressed as

se(n/z.¢)=o (6-2)

4Qub
out Ji(sb_.)
3 EGTBETT 1'*%0ut’ V), cos¢

bin radius of inner loop
bout = radius of outer loop
ao(in) Oth order coefficient of inner loop

a](Out) = Ist order coefficient of outer loop.

The cardioid condition with null at ¢=180° is

(Bb ) 4b ’
i t .
w [ naolin) Vi u]?guf) Jl(Bbout)vﬁl =0

Efn/2,%) =
¢ 0

(6-4)

After the dimensions of the loop were chosen, the feeding network
must satisfy the following relationship:

Y J a;(out) by J(Bb, )
v, "Ta ) b, Ji(®,7) (6-5)
a o' M) Doyt Y11 004t

Under this condition
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Ey(7/2,9) = -——(7-, Jo(Bby W[l + cos¢] (A-6)

The general expressions for Ee’ and E¢ are obtatned by summing the O mode
from the inner loop and the contribution from the 1st mode on the
outer loop and substituting (6-5) into these equations:

E (ore) = JwQVb 4J1(Bbout51?ﬁ) cosé siné
(- M a](bﬁffe siné

1nJo(8b W J](aboutsine)cosesin¢

- o (fny'outhréﬁout)e STno (6-7)

“Qvab1n06(8b1n51"°) J4qubb°ut J1(3b°“tsine)cos¢
Eylos8) = —3 T} a7 Tout)

J! (Sb sxne) 3! (Bb sine) J! (Bb )
Pin Jo v, m cos ¢
1n51ﬁUT— ‘J'(Bbout

a, (1n)
(6-8)

In particular for the horizontal plane, we obtain

Ee(”/29¢) =0 (6'9)

wQb, J!(8b, )V
E¢(1/2,¢) = in :o(i:"; a [1+cos¢] (6-10)
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The shape of this pattern shown in Figure 3-1 is of course the cardioid
and is unchanged if the dimension of the loop is changed.

In the vertical plane ¢=0, we obtain

58(6.0) =0 (6-11)
wQb; V . . o 9g(eby )

E¢(e,0) = —-Ei%T%) [?6(5bins1ne) + 3j(8by, ¢ Sin6) -grraggazzj

(6-12)

This radiation pattern is shown in Figure 6-2 for various 8b. Note,
that null appears in the elevation direction when Bb=2.0. This shows
that a large diameter is not desirable for this antenna. In the plane
¢=90° we obtain

uQbin Jo(ebin) vaJ](aboutsine)cose

) - -13
Ee(ﬁ 1r/2) ao(in) Ji(sbout) Bbout51"e (6 )
wQV_ b, J'(gb, sine)
_ a in o'\ in
EO(O,ﬂ/Z) = ao(fh) (6-14)

This radiation pattern is shown in Figure 6-3 for various gb.

6.2 Change of The Cardioid Condition

The cardioid condition is given by Equation (6-4). This value
is a function of frequency and the size of the loop. How the cardioid
condition changes with frequency is now investigated. The results
are shown in Figure 6-4. The radius b of outer loop is selected to
be 8b=1.0, 1.5 and 2.0. The radius a of the wire is selected to be
=7, 8 and 9.
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Bbe1.0

Bb=1.5

Bb=2.0

Figure 6-2. Vertical pattern at ¢=0",
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The horizontal axis is the voltage ratio [v,/V, .
The vertical axis is the phase difference I.Vb/\la.

For 8b=1.0, the voltage is a constant while the phase changes with fre-
quency. Therefore it is desirable that the feeding network compensate
for the phase change, if the cardioid pattern is expected over the
entire frequency range. A possible feeding network 1s realized by using
transmission lines. However, in the case of Bb=2.0 the cardioid condition
moves along the constant phase line, and the phase suddenly gets 180°
out of phase. This is one reason that a large diameter loop cannot

be used as this type of anténna. The other reason is the null in the
elevation as stated earlier. In the gb=1.5 case the situation is

for the middle of the two cases. Both voltage and phase change ac-
cording to frequency.

6.3 Change of Pattern

In this section we will consider the change in pattern for various
parameter changes. The electric field Ey4("/2,4) in the horizontal
plane is given by Equation (6-3). It is rewritten as,

v
E,(7/2,9) ~ 1 + c(f) v% cose (6-15)

where

ag{1n)  Boyp Jj{Bbgye)

c(f)= (6-16)
# = Tout) B, TgTeb,,
The cardioid condition is
v
b___1_
v; -m) . (6‘]7)
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The feeding network must be designed to satisfy Equation (6-17) at
the center frequency fo' However, at a frequency different from the
center frequency, dgs %0 8 and c(f) are different from those of the
center frequency. c(f) is assumed to be different from c(fo) by A
times in amplitude and 8 radians in phase, i.e.,

c(f) = clf) A Rl (6-18)

The feeding network also has frequency characteristics. But the feeding
network here is assumed to keep Vb/Va constant. Under such circumstances

E¢(n/2,¢) ~ 1 + c(f) vb/Va cos¢

]+ c(fo) A ejs Vb/V. cosé
A~ +Ae’ cosd

where relationship (6-17) is used.

Equation (6-19) is also true in the following case. At the
center frequency fo the feeding network has some error and
b/v ET%—’- A eJG The error is A times in amplitude and ¢ radfan
in phase. Th8 result of this calculation is shown in Figure 6-5.

For example in the case f=1125 MHz, 8b=1.0 and 9=8, V /V at cardioid
condition is -10.5 dB, 148°from Figure 6-4. When freouency is shifted

to 1250 MHz, V, /V becomes -10.3 dB, 173°.  The difference of Vb/V
is 0.2 B, 25°, If the feeding network is frequency independent,
the anticipated pattern will be a curve between 6=20° and 5=3n°

in Figure 6-5(b).
1f the feeding network is frequency dependent and the phase

is shifted by -15°, the difference of V,/V, is 0.2 d8, -10°. The
pattern in that case is a curve of -10° 1n Figure 6-5/b).
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6.4 Feeding Network Consideration

We shall now determine how much deviation from the cardioid
condition is permissible if the front-to-back ratio (FBR) is given.
The electric field E‘(w/Z.o) in the 6=x/2 plan is the same as (6-15)

v
E’(wIZ,O) ~ 1+ ¢(f) v& cos¢
a

FBR is defined as

E¢(w/2,0)
FBR = 20 ]0910 f;‘mz—;ﬁ-y

|/

-4

1+ c(f)
1 - c(f)

o

e

o<
[-|]

)
1+ C(f) v
a
b
1- C(f) v
a

. 10FBR/20 _

From the cardioid condition,

1-clf)

o
o=
L]
Q

We now assume the feeding condition is changed to

o | et 1 el
“Z'% ey
f
0
46

(6-20)

(6-21)

(6-22)

(6-23)

B = I == B~ B —— N <o B s
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o Uy oed

'

!
[
i
1

in the same manner as before. Thus Equation (6-22) is reduced to

1+Ae"6

W = K. (6-24)

If the FBR is given, permissible range of A without phase shift is

3>k
that is
K+ 1 K -1
k-1 Ak (6-25)

Permissible range of & without amplitude change is

l+e’16 > K
1-¢e
2 2 -
-1K° -1 -1 K" -1
cos > 6§ >= €05 Sy—— (6-26)
K™ + 1 K® +1

When both A and § are changed, the permissible range is

8
1+aé
> K (6-27)
'I-A;
A1 K+
s+ K2 ) cosé (6-28)
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This curve is shown in Figure 6-6 where we note the permissible range
of amplitude and phase when the FBR is given. Combining Figure 6-4
and Figure 6-5, we ohbtain the range of Vb/Va. We now draw the FBR
circle for cardioid condition at each frequency as shown in Figure
€-7 for gb=1.0, a=8. A frequency range from 1.0 GHz to 1.25 GHz is
assumed in Figure 6-7. If vb/va is chosen in the shadow regions,
the requirement of 15 dB FBR at the frequency range between 1.0 to
1.25 GHz and between 1.125 and 1.25 GHz will be satisfied. However
both regions do not overlap so there is no way to change the ratio
Vb/Va such that it will satisfy the entire frequency range from 1.0
to 1.25 GHz. To do this, the feeding network should be designed to
compensate for cardioid condition changes.

7. TWO LOOPS FED AT FOUR POINTS

7.1 Antenna patterns

There is an alternate method to ohtain the quasi-cardioid pattern
in a dual loop. The outer loop is fed at four points with progressive
phase as shown in Figure 7-1. The resultant electromagnetic field
is the sum of each contribution as derived in Section 2.3. Ey 1
ohtained by use of Equation (2-56) as follows.

Jo(Bbsino) 2J;(8bgine)
= mqv b +j & cosé
0

¢

[5'(sbs1ne) 23, (8bsine)

+ wQ(-3v, )bL - +J Cp cos(¢+n/ZJ

[h (Bbsine) 204 (8bsin®)
+ oQ(-V,)b —_—

——

0

cos(d+m )]

f
|
i
1
|
[]
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Figure 6-6. Diagram showing the acceptance range
for feeding variation.
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Vg = v, ¢ 100°
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Figure 7-1. Feeding condition ff obtain the element
distribution e

[J")(absine) 23} (8bsing )
+J
C %

+ wQ(JVo)b cos(¢+ 3«/2]

4.QV bJ](absino)
E’ =z § ay (cos¢tising)

4QV bJ; (sbsine) g,

=J ———-—-QT“--" e (7-1)

If the small loop which radiates omnidirectionally {s placed in the
large Toop as shown in Figure 7-2, the total electric f:eld is

wQVoby, Jo(8by sine)
3, (T)

E’(e.o) =

+J aylout) (7-2)
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Figure 7-2. Two-loop antenna fed at four points.

The condition for a null - in the ¢=r direction in the horizontal

plane is
Vb, J'(gb, ) 4v.b_.Ji(gb_.)
- ain0*""in’ _ b out 1*" out - -
EO('/Z’") - mQ[ uot in) J a,(Out) 0 (7-3)
or

%, aq(out) by J:(8bg )
va 0[ n] bout J]r(stUt)

(7-4)

Note that the cardioid condition (7-4) is exactly the same as that
of two-point-drive in dual loop (6-6). Under this condition the hori-

zontal pattern is
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!

Q aJ(':(q"ln)

0

Eo(n/2.0) . [1+e% . (7-5)

This pattern is shown in Figure 7-3. There are two curves in this

figure. An explanation is given in the next section. The same pro-
cedure leads to the following equation concerning Ee:

4uQVbJ] (sboutsine )cose 1

Edout) = —  Tout)e st e (7-5)
The general expressions for Ee’ €¢ at cardioid condition are
mov J! (Bb sine)
- aino
Q(e 9¢) = (in) []
o (1n) J (Bb sine) v
v g out =2 e"] (7-6)
bin a](ouf) J! (sb,‘nsmﬂ \la

or by use of Equation (7-4),

oQV_b
i
By (0.9) = —2T02 (i)

(7-7)

olQV, 5 3o (804, S100) a5( 1n) cos o

Eﬂ(e") = aorfn)" x 4 ;(Wtj b1"31"0
J](eboutsino) vb J‘ 7.8

X T BysTeT ¥,

or hy Equation (7-4)
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B

WV by 35 (b S ine)
EO(O' $) = ao‘(f’ﬁ

J! (Bb"‘ J‘(Bb 1,'s1r|e) 10

T e 70

Eoutslne

out

The vertical patterns in the planes ¢=0 and ¢==/2 are shown in Figures
7-4 and 7-5, respectively. '

7.2 Change of pattern

Assume now that the feeding condition is changed from (7-4)
to

Aejn

“<| Q‘<
"
~<' u-<
a*

u](out) bin J! (Bb.'n) JG
* T 0y W-)- A . 7-11
Bout out © ( )

% out

The horizontal pattern then becomes

Ey(7/2,0) v+ aelole (7-12)
If the amplitude ratio remains constant, that is A=1, then

Eglw2.9 ~1+ M) (7-13)

This is the same pattern as (7-5) except that a null occurs at ¢é=w-4,
Phase change affects only the position of null. In Figure 7-3, the
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pattern with null in 30° is shown. If only the amplitude ratio A
is changed, the pattern is

[A.,,—-. 2 L

E.('/Z.’) N l + Aei’ . (7']4) LA JJ

This pattern is shown in Figure 7-6; A only affects the depth of null,
If both amplitude and phase is changed, the pattern is a combination !j
of Figure 7-3 and Figure 7-6. That is, the null position rotates
6 and the null depth gets worse.

é 7.3 c%agarison between the two-point-drive ]
2 and four-point-drive i

In this section comparison is made between the two-point-drive

and the four-point-drive (both in dual loop). First, compare the #f
horizontal pattern in Figure 3-1 (2-point-drive) with Figure 7-3 (four- f;f’
h pointdrive). The null width of four-point-drive is narrower than »
| two-point-dirve. Compared with -20 d8 level, two-point-drive has i;i
null of more than 70 degrees while four-point-drive has only 25 degrees. 3
When the feeding condition is changed, each antenna behaves differently. L'

il
0]
0|
IIF
il
0}
B
J

¥ Four-point-drive antenna changes its null direction proportional to
E& phase difference and the null depth with the voltage ratio. However,
& the two-point-drive antenna changes the pattern according to both
phase and amplitude ratio. The null direction remains the same.
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8. THREE POINT NULL IN SINGLE LOOP , , ' l-

. ) ¥

If the n=2 mode is considered in addition to the n=0 and n=} »;

mode, another type of pattern can be obtained. It is possible for !
the pattern to have three nulls in arbitrary directions in the hori-

zontal plane. Such an antenna is shown in Figure 8-1. The electro- :

magnetic field is obtained by extending the method given in Section l

2.3. From (2-56), Eg(4/2,¢) in the horizontal plane is i

Eg(7/2,4) = 0 . | (8-1)

¢
Figure 8-1, Loop antenna fed at four points.

° From (2-53), we see that E ¢! 1/2,4) in the horizontal plane is the
sum of four voltage contributions:

o (8b) .y Z‘Ji(ab)“if _ 235 (eb)cos z,)} |

ao 1 @2 ,

J
E.( %/2,4) = uQVab[

MQVbb[%(Bb) Ny 23} (8b)cos (¢ +x /2) _ _Z_J_éz(Bb)COSZ(OH/Z)]
%o o | a,




Q

[J&(Bb) 2J;( 8b)cos( m) 2J! (eb)cos?( m)
+J
o | % ]

1 + hovcb |.

4 J! (sb) 2J:(8b)cos(#+3n/2) 2J:( M)cos2{e+3n/2)
] 2
+ WV b +J - -
%o * %2
'J wQbJ; (8b)
= --u——— (V#Vp VY y)
I 0
- ZnszJi(Bb)
o +J ——-—a]—— (Vacos¢-.vbsin¢-vccos¢+vdsino)
&
ZtoObJé( Bb) .
- T- (va-vb+vc-vd)cos2¢ (8-2)
[ or
L | . - cosg Vgsing-V cose Vpsine
2 Eyzed) = €, [‘*1 TGV,
b IVg*Ve-Yp
244 -G TS A cos2¢ (8-3)
(] where
- wQbJ; (8b)
| Co = —-—;;—— (v atVptVcty 4 (8-4)
2J3(gb) «a
= 1 -0 -
| UL (e-s)
[
[
.
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c _ 205(gb) 4y
2 J({gb) a
0 2
VB = vb/va
Vc * vc/va

Vp = V4/Vs

i Bt A e

(8-6)

(8-7)
(8-8)

(8-9)

In order to produce a null in the directions ¢=x/2, v, 37/2, we require

Ey(n/2, */2) = O
Ey("/2, 7) =0
Eo(wIZ, n/2) =0
Solving £hese three equations yields:
Vp~Vp* mC,w,cz_c_
27112

L7
Substituting Equations (8-13)and (8-14) into (8-3) yields:

Ye

E.(w/z, $) = co(l + 2 cos¢ + cos2¢) .

This pattern is shown in Figure 8-2.

(8-10)
(s-1)

(8-12)

(8-13)

(8-14)

(8-15)
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9.  THREE POINT NULL IN DUAL LOOP

Ancther way to obtain the three-point-null is to use dual loops
as shown in Figure 9-1. The outer loop radiates only the n=2 mode.
The fnner loop radiates the n=0 and n=1 modes. Combination with
radiation from the outer and inner loops creates the same effect as
found in the previous section. Occasionally it is desirable to switch
the null direction. This antenna can switch the null direction by
changing only the inner loop voltage. This makes the design simpler
compared with that of previous sections.

Firstly the way to obtain only the n=2 mode in the outer loop
is described. General expression for 54{"/2,¢) in four-point-drive
is given by Equation (8-2). If

vb=-va, vc=va and vd=-va. then (9-1)
8meJé(3b)

Therefore (9-1) is the condition for eliminating the n=0 and n=1 modes.
The E-field Ey(7/2,4) from the antenna shown in Figure 9-1 is obtained
by adding (9-2) and (2-€9). That is

Quby 92 (8D, ) (V,+V, )
EO(“IZ’Q) = n oao—(f:*y 2

2w0b1nai(8h1“)(va-vb)cos ¢
ul(fn)

+3J
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8"’Qbout."é( ﬂ’out‘.) Vccosz ¢

3 * ™) (9-3)
‘ i or
L.
> VaTh & cos20) (9-4)
x E,(f.o) . co(l+c‘ V:W; cosé+ C2 va’vb cos2¢
o where
Q“’bin‘)&(sbin)(va'vb)
C, = X Manne (9-5)
- 2a (1n) J;(eby.)
: _ '0 1'% 1in 19-6)
0 T I Ty, o6
| Bbout “o“"\ Jé(sbout) 19-7)

L C2 = 7B, 3,Tout) Jg(BB, )
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Figure 9-1. Two-loop antenna fed at four points to get 3-point null,
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To obtain nul) at ¢ =#/2, », 32/2 we require

v
E.’w/?,ﬂ/?) = Coll - v-a—s-v-b- Cz] =0 (9-8)
Ey(v2,m) = C | vv"c+ ‘e ¢ -0 (9-9)
v, Ot G :
vC
E’("/2,3"/2) = Co 1- -v-;;v; CZ =0 (9-‘0)
That is
C]-Z
Vb/va = -c-]—_;z (9'”)
ZC]
Vc/Va = W . (9-]2)

Equation (9-11) and Equation (9-12) are substituted into (9-4):
EyW2,4) = C (1+2c0s9+c0s2¢) (0-13)
This is the same expression as Equatfon (8-15).

In an arbitrary direction we thus obtain

Eg(0,0) = J"q‘!nbin"é(’b‘ln"””.vao +g)/ay,(0)

Jy (b, sTn0) 1-V
2in(o) 8 cos ¢
[ 12 a4n(1) Yo ’ ne] T

Dout “in(o) 93(Bhgyes1ne) Ve
i“ ;;;iz%; J‘IEBQQETHEI T‘V’ cos2¢ (9-14)
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Yo J](fbinsinﬁ)
EB(O,Q) =j2 Q ;;;zT’E;TiF cos® sin¢ (Va-Vb)

gy Jz(aboutsine)

- j16
%out out$'"®

cose sin2¢ Vo  (9-15)

The vertical patterns at ¢=0 and 290° are shown in Figure 9-2 and

9-3, respectively. Figures 9-4 and 9-5 show the change of the pattern
when the feeding condition is changed. Figure 9-4 shows the change

as a function of vB = Vb/Va (that is voltage and phase of the small inner
loop) while Figure 9-5 shows the change as a function of Ve = V /Y,

(that is those of the outer loop are changed).

10.  CONCLUSION

The radiation pattern of a single loop and two concentric loops
fed at one, two or four points were investigated. It was found that
a single loop is capable of producing two nulls which can be made
to coincide and produce a true cardoid pattern. Three nulls could
also he produced by feeding a single loop at four points or by one
of two concentric loops. Particular attention was given to the tol-
erances to be imposed on the feeding voltages to maintain a reasonable
null level. It is concluded that to obtain a large bandwidth (>10X),
some compensation should take place in the feeding network. This
is illustrated in another report [2] when an annular slot antenna
fed at four points and with a flush mounted monopole in the middle

has been developed and yields a bandwidth of 25% with an FB-ratio
of more than 15 dB.
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